ABSTRACT: Models and experiments seelung to explain intraspec~f~c variation in brown algal phlorotannins (polyphenolics) have mainly focused on the effect of 2 factors, herbivory and resource availability (carbon/nutrients). The possible importance of other biotic and abiotic factors, e.g. pathogenlc micro-organisms, heavy metals and UV radiation, has often been suggested but only rarely experimentally tested. In the present study the effects of increased UV-B irradiance and simulated grazing (clipping) on phlorotannin production in the brown alga Ascophyllum nodosum were investigated. The 2 treatments were applied simultaneously in a crossed factorial experiment in order to test for interactive, as well as separate, effects. Carbon and nitrogen content of the algae was also determined for each treatment. The effect of the experimental treatments on the feeding selectivity of a natural herbivore was tested in a subsequent feeding preference experiment with the crustacea Idotea granulosa. An increase (-50%) in UV-B radiation during a 2 wk period resulted in a signif~cant Increase (-30%) in mean phlorotannin concentration, while no significant changes in phlorotannin levels following simulated grazing were observed. The additional UV light caused a slight increase in the nitrogen content of the algae, indicating that the response in phlorotannin production was not caused by nutrient deficit. Absorption spectra of A. nodosum extracts, before and after removal of phlorotannins with polyvinylpolypyrrolidone, revealed that phlorotannins can contribute to absorption in the UV-B range (280 to 320 nm). The results imply that phlorotannins can function as inducible screens against harmful UV radiation. The grazer I. granulosa showed a clear preference for algae that had been exposed to an addition of UV-B radiation, in spite of their increased phlorotannin levels, supporting the notion that small marine herbivores in general are tolerant to chemical defenses of algae.
INTRODUCTION
Phlorotannins (polyphenolics) in marine brown algae are generally assumed to function as chemical defenses against herbivores (Ragan & Glombitza 1986 , Steinberg 1992 . Consequently, research on algal phlorotannins has been influenced by general plantherbivore theories, developed mainly within the field of terrestrial ecology. One such example is the induced defense model (e.g. Karban & Myers 1989 , Harvell 1990 ) based on the assumption that there is a cost in production of defenses. According to the induced defense model plants should allocate more resources to defenses when herbivores are present and active. The occurrence of induced chemical defenses is well documented in terrestrial plants (Karban & Myers 1989 , Herms & Mattson 1992 , whereas induced defense models have only been addressed in a few studies on phlorotannins in marine algae, with inconclusive results (see Hay & Fenical 1992 , Peck01 et al. 1996 . To establish the degree to which induced defense theory is applicable to phlorotannin production in brown algae will require more experimental data from several taxa and geographical areas.
Herbivory is not the only factor that can influence production of plant phenolics. For instance, a posit~ve relationship between solar radiation and tannin production is well established for terrestrial plants (Waterman & Mole 1994 and references therein) and the same relationship has been reported for phlorotannins in algae (Yates & Peckol 1993) . The most common explanation for this at the intraspecific level is the carbon/nutrient ( U N ) balance model (Bryant et al. 1983 ). According to the C/N balance model the production of polyphenolics, and other C-based secondary metabohtes, is governed by the relative supply of carbon (through photosynthesis) and essential nutrients. Consequently, polyphenolic production should increase under conditions of high irradiance and low nutrient availability. An alternative, less often advocated explanation For the effect of solar radiation on polyphenolic production is that polyphenolics are produced as protection against photodestruction caused by UV light. In terrestrial plants there is evidence that increased phenolic production can be induced by UV light and that these phenolics can absorb UV radiation and thereby protect the plant cells (D'Surney et al. 1993 , Waterman & Mole 1994 . The possible effect of UV radiation on phlorotannin production in brown algae has not previously been examined.
The multiple function of plant phenolics implies that phlorotannin production in algae is likely to be determined by an interaction of several biotic and abiotic factors. Such interactive effects could explain the large intraspecific variation in phlorotannin found on different, including very small, spatial scales (Pavia & Aberg 1996) as well as seasonal variations (Ragan & Glombitza 1986) . Testing for synergistic or antagonistic effects among different factors requires that different experimental treatments are applied together in experiments with factorial combinations of treatments. Here we present an experiment where we tested the hypotheses that 2 different treatments, simulated grazing and increased UV-B radiation, can, separately or interact~vely, induce cha.nges in phlorotannin, concentration in the brown seaweed Ascophyllum nodosum (L.) Le Jol. For induced defense models to be relevant for brown algal phlorotannins any induced changes in the production of phlorotannins should affect natural grazing patterns. Accordingly, we also assessed how the treatments in the induction experiment affected the susceptibility of A , nodosum plants to the crustacean grazer Idotea granulosa Rathke.
MATERIAL AND METHODS
Study sites and organisms. Ascophyllum nodosum grows on rocky shores in the intertidal zone on the coasts of the Northern Atlantic. The present study was done in the Tjarno area on the Swedish west coast (58" 54' N, 11" 07' E) . Because of the small tidal range (10.3 m) at Tjarno the vertical distribution of A. nodosum is limited and the width of the A. nodosum zone is maximum 3 to 4 m and usually less than 1 m (Aberg 1990). However, the abundance and population structure of A, nodosum within this narrow zone is similar to what has been observed in the midintertidal zone on coasts with larger tidal amplitudes (Aberg & Pavia 1997 In March 1995 Ascophyllum nodosum plants were collected haphazardly from several sites in the Tjarno archipelago. Individuals larger than about 100 g wet mass were excluded from sampling. The algae were transplanted to the experimental site in a small bay outside the Tjarno Marine Biological Laboratory. Alongside a bridge in the bay an experimental frame had been constructed where algae could be fixed at the natural depth of A. nodosum at the Swedish west coast. The surrounding substrate was sediment with just a few fucoid plants on occasional boulders. This means that the risk of interfering herbivore damage to the experimental plants by natural grazers was small during the course of th.e experiment. Before starting the induction experiment all plants were cleared of visible grazers.
Induction experiment. The induction experiment was run for 2 wk in April 1995. Damage by herbivores was simulated in a way similar to previous experiments on induction of phlorotannins in brown algae (Van Alstyne 1988 , Yates & Peckol 1993 , Steinberg 1994 , Peckol et al. 1996 . At the start of the induction experiment 24 of the 48 plants were randomly chosen and clipped with a hole punch in order to mimic size and shape of natural.1~ occurring damage. Clipping damage was evenly distnbuted all over the vegetative tissue of each plant until 10% of the wet weight was removed.
1n the air above the algae we put 2 aluminium frames with Q-panel UV-B-313 fluorescent tubes and 2 control frames without fluorescent tubes. To obtain a balanced number of replicates for each factorial combination 12 Ascophyllum nodosum individuals, 6 clipped and 6 undamaged individuals, were placed in random order underneath each frame. In order to filter out wavelengths c295 nm the fluorescent tubes were covered with preburned (6 h with UV-B fluorescent tubes) cellulose diacetate film (Erik S. Ekman AB, Stockholm) that was exchanged every 48 h. The UV-B fluorescent tubes were turned on for 6 h d-' (09:OO to 15:00 h). The natural daylength during the induction experiment was about 14 h. The distance from the frames to the algae was -1 m and during low water, when the experimental plants were above water level, the UV frames increased the UV-B irradiance by approximately 0.6 W m-2 (-50% above ambient). The weather was mostly clear and sunny during the experiment and photosynthetically active radiation (PAR) during the hours of UV-B treatment was on a n average -1400 pE m-' S-' and UV-A radiation -35 W m-'. The addition of PAR and UV-A from the fluorescent tubes was negligible. Light measurements were made with a n International Light 1400A photometer equipped with cosine-corrected sensors (detector types SUL 033 and SUL 240) and the readings were corrected for spectral sensitivity of the sensors and the solar and UV-B fluorescent tube spectra. Correction factors were determined through simultaneous measurements with the IL1400A photometer and a n IL1700 radiometer.
Algal tissue constituents. At the start and end of the experiment 2 apical shoots, of about 0.25 g each, were cut from each of the 48 plants. One shoot was used for phlorotannin analysis and one for individual dry to wet weight ratio determination. Samples for dry weight determination were dried for 48 h at 60°C while phlorotannin samples were rapidly frozen in liquid nitrogen and stored at -80°C. In the laboratory the phlorotannin samples were ground with liquid nitrogen in a mortar and put in aqueous methanol that was flushed with nitrogen gas to remove oxygen. Phlorotannins were extracted in the dark at 4°C for 24 h and quantified by the Folin-Denis method (Ragan & Jensen 1977 , Steinberg 1985 , 1989 , Ragan & Glombitza 1986 . Phloroglucinol (1,3,5-tnhydroxybenzene, Merck art. 7069) was used as a standard.
Dry weight samples collected at the end of the induction experiment were later used for determination of carbon and nitrogen contents in algal tissues. The samples were ground and analyzed in an elemental analyzer (FISONS Instruments NA 1500 NC).
UV spectra. In order to examine the possible contribution of phlorotannins to absorption of UV-B radiation, absorption spectra of the pooled extract from several Ascophyllum nodosum plants were measured both before and after removal of phlorotannins with polyvinylpolypyrrolidone (PVPP). Polyphenolics bind to PVPP under acidic conditions and can then be removed by centrifuging (Van Alstyne 1995).
Feeding preference experiment. Ascophyllum nodosum plants from the induction experiment were used in a subsequent feeding preference experiment. The feeding experiment was run for 1 wk in a controlled temperature room. Adult individuals (> 1 cm) of the grazer Idotea granulosa were placed individually in plastic containers and starved for 1 d before the start of the experiment. Apical shoots of equal size (-5 cm) were collected from the algae used in the preceding induction experiment. Two shoots of algae were simultaneously offered to each herbivore. One of the algal shoots was always from a fresh control plant and the other from one of the 4 treatments of the preceding induction experiment. The control shoot placed in each container was intended to serve as an alternative food in order to give the herbivore a true food choice and not forcing them to eat the shoots which had been experimentally treated. Data on weight changes of the control shoots were not included in the statistical analysis. An equal number of containers with algal shoots but without grazers was set up in order to control for autogenic changes in algal weight (Peterson & Renaud 1989) . The control data on autogenic changes were randomly paired with data on grazed algae and the difference was used as the variable measuring consumption by the grazer (Roa 1992) . To compensate for small differences in the initial weight of the algal shoots percentage data on weight changes were used instead of absolute weights.
Statistical analysis. Data on individual, relative (%) changes in phlorotannin concentrations and data on tissue-N and carbon content at the end of the induction experiment were analyzed by a mixed model ANOVA with Simulated grazing (2 levels) and UV-B radiation (2 levels) as fixed, orthogonal factors and Frame (2 levels) as a random factor nested within UV-B radiation. Consumption data from the feeding preference experiment were analyzed by a 2 way ANOVA with Simulated grazing and UV-B radiation as fixed, orthogonal factors. The relationships between tissue-N content and phlorotannin concentration were analyzed by linear regression. Prior to the statistical analyses, data were tested for homogeneity of variances with Cochran's test and transformed when required (Winer et al. 1991 , Underwood 1997 .
RESULTS
For data on phlorotannins, nitrogen content and C:N ratios the nested factor Frame and the interaction term between Frame and Simulated grazing had pvalues > 0.3 (not included in Tables 1 & 2 ) and a pooling procedure was applied where these terms were eliminated and their mean squares were pooled with the residual mean square (Winer 1991 , Underwood 1997 . The UV-B treatment induced a significant and substantial increase in mean phlorotannin concentration (Table l , Fig. l ) , from 4.8 to 6.2% of dry weight. In contrast, there was no significant change in phlorotannin levels following simulated grazing (Table 1, Fig. 1) . Furthermore, there was no significant interaction between the 2 treatments, simulated grazing and UV-B radiation, indicating that the effect of UV-B irradi-
UV-B treatment
No UV-B treatment ance on phlorotannin production was independent of clipping damage. Ascophyllum nodosum plants placed underneath the W light frames had slightly but statistically significantly higher tissue-N content than plants underneath the control frames (Table 2, Fig 2a) ; the re- Fig. 2b ). There was no significant relationship between tissue-N and phlorotannin concentrations for algae exposed to UV light treatment (linear regression, R2 = 0.013, p > 0.05), Simulated grazing had no effect on tissue-N concentrations, or C:N ratios (Table 2 , Fig. 2a, b) . The light absorption spectrum of the pooled Ascophyllum nodosum extract showed an absorption peak at 268 nm which disappeared after treatment with PVPP (Fig. 3) . This is the same ha, which has previously been reported for phlorotannin extracts of A. nodosum (Ragan & Glombitza 1986 ). The spectra also revealed that extracted phlorotannins contribute to absorption of UV-B light (280 to 320 nm) (Fig. 3) .
Obvious differences in feeding by Idotea granulosa on Ascophyllum nodosum shoots exposed to the different experimental treatments in the induction experiment were observed (Table 3 , Fig. 4 ). There was a significant (p < 0.05) preference, in terms of algal biomass changes, of I. granulosa for algae that had been exposed to increased UV-B light. As for the results on algal tissue constituents in the preceding induction experiment, there was no apparent effect of the simulated grazing treatment on the susceptibility of the algae to the grazer I. granulosa (Fig. 4 ) . 
DISCUSSION
This is the first study to demonstrate that UV radiation can be an important factor to explain intraspecific variation in phlorotannin content of marine brown algae. Individuals of Ascophyllum nodosum responded to a -50% addition of UV-B radiation by a -30% increase in mean phlorotannin concentration. An adaptive explanation to this induction is that tannins are produced to protect against photodestruction of plant tissue, principally caused by UV light. Compounds which can protect plant cells against harmful incident UV light should be produced in the outer celllayers to be most effective. This seems to be the case for phlorotannins in algae where cortical tissues generally contain higher concentrations than inner tissues (Ragan & Glombitza 1986 , Tugwell & Branch 1989 , Lowell et al. 1991 . Nevertheless, UV screening has so far not been regarded as a likely explanation for the production of tannins in algae (Steinberg 1992) since simple phenolic compounds such as phloroglucinolbased phlorotannins have absorption maxima at wavelengths (260 to 280 nm) somewhat shorter than UV-B (280 to 320 nm) (Ragan & Craigie 1980 , Steinberg 1992 , Waterman & Mole 1994 . However, the absorption spectra of extracts from A, nodosum indicate that the phlorotannins can contnbute to absorption also in the UV-B range, although the molar absorptivity of brown algal phlorotannins in vjvo remains to be more rigorously examined in order to evaluate their poten-tial role as UV-B llght screeners. To further evaluate the possible UV screening function of phlorotannins in A. nodosum, and other seatveeds, the effect of UV-B radiation on phlorotannin production should also be studied in other seasons, since natural irradiance level and the developmental stage of the algae are likely to influence the physiological responses of the algae, and under different environmental conditions, e.g. increased/decreased nutrient availability.
The most common explanations for the effect of increased irradiance on phlorotannin production are based on the carbon-nutrient balance model (Bryant et al. 1983) . According to this model an increase in light, when nutrient availability is limited, will result in an excess of carbon which can be used for production of carbon-based chemical defense, e.g. polyphenolics.
Correlative studies on the relationship between tissue nitrogen and phlorotannins (Ilvessalo & Tuomi 1989 , Yates & Peckol 1993 ) and nutrient enrichment experiments in situ (Yates & Peckol 1993 , Peckol et al. 1996 and in the laboratory (Arnold et al. 1995) have shown that this model can be relevant to phlorotannin production in brown algae. The carbon-nutrient balance model is not directly applicable to the present study since the addition of PAR from the UV lamps was negligible. However, the increased production of phlorotannins might be an indirect effect caused by effects of UV-B radiation on nutrient transformations in the algae. For microalgae it has been shown that both the uptake of ammonium and the metabolism of nitrogenous amino acids can be influenced by UV irradiation (Dohler et al. 1991 , Dohler 1992 . Furthermore, any increased production of UV-B protective components with high nitrogen content, e.g. proteins, could increase the nitrogen demand of the plant cells (Wangberg et al. 1995) . This could in turn cause a nutrient deficit and an excess of carbon which could be used for polyphenolic production in accordance with the carbon-nutrient balance model. However, our results do not indicate that the UV-light-induced increase in Ascophyllum nodosum phlorotannin production was an indirect effect caused by a nutrient deficit. The UVlight-exposed algae actually had a slightly higher level of tissue-N than the control algae.
The predominant focus of research on phlorotannins has been on their function in algal-herbivore interactions. One crucial step in understanding the role and evolu.tion of phlorotannins in herbivore defense is to find out if they function as inducible or constitutive defenses. So far, there seems to be weak support for the notion that induced defense models should be generally relevant for phlorotannins in marine algae (see Steinberg 1994 , Peckol et al. 1996 for further discussion). This conclusion is further supported by the results of the present study where simulated herbivory caused no changes in phlorotannin concentrations. However, more studies covering different types of damages, including natural herbivory, as well as different seasons and experimental conditions and duratlons are needed before more reliable conclusions about the lack or existence, and relative importance, of herbivore-induced phlorotannin production in Ascophyllum nodosum can be drawn.
Despite the increased concentration of phlorotannins in UV-B treated algae, the isopod Idotea granulosa preferred to graze on shoots from these algae. This indicates that increased phlorotannin production does not deter I. granulosa from feeding on algal tissue, which supports the conception that small marine herbivores are in general relatively tolerant to chemical defenses of algae (Hay & Fenical 1992 , but see Poore 1994 . We can only speculate about the reasons why I. granulosa preferred to feed on the UV-light-exposed algae, in spite of the increased phlorotannin level. The somewhat higher nitrogen content in the UV-treated algae might reflect a change in nutritional value, e.g. increased protein content, which could have attracted the grazers. The importance of intraspecific variation in nutritional value of brown algae has, to our knowledge, not been tested in any feeding preference experiments. An alternative explanation is that the additional UV radiation caused a change in the mechanical properties of the algae, i.e. decreased toughness. However, data published so far suggest that intraspecific variation in brown algal toughness is not an important factor to explain feeding preferences of marine herbivores (Lowell et al. 1991 , Poore 1994 .
So far, ecological research on induction of phlorotannin production, as well as other plant phenolics production, has mainly been occupied with 2 factors, herbivory and resource availability. Our results give support to the opinion that more effort should be devoted to also examine the importance of other factors, such as UV radiation, to explain intraspecific variation in phlorotannins. Such studies should preferably be designed to experimentally test for the relative importance and interactions am.ong different factors, e.g. UV-B radiation, season and nutrient avdilability. This requires fully crossed factorial experiments where different treatments are applied simultaneously. Peckol et al. (1996) simultaneously examined the effect of simulated grazing and nitrogen enrichment on phlorotannins in Fucus vesiculosus L. in the western Atlantic. Although they did not statistically test for interactive effects between the 2 factors it was obvious from the presented data that the effect of clipping was sometimes dependent on nitrogen availability, and vice versa, and that the effect of both treatments varied in time and space. These results together with results from previous experiments with single or separate treatments (e.g. Van Alstyne 1988 , Yates & Peckol 1993 , Steinberg 1994 , Arnold et al. 1995 indicate that lntraspecific variation in phlorotannins is deterrnlned by an interaction of environmental and defenserelated factors. More experimental data on the type and magnitude of such interactions would lead to a better understanding of the ecological role of phlorotannins. It would also, together with phylogenetic, genetic and biochemical data, provide an ernplrical basis for the formation and evaluation of evolutionary models to explain interspec~fic variatlon In algal polyphenolics (e.g. Coley et al. 1985) .
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